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Abstract 
A novel endoscopic photography technique coupling a high speed CCD camera and an intrusive fiber-optic endoscope has been 
extended to enable the investigation of particle flow behavior in a 3D spouted bed 1500 mm in height and 200 mm in diameter. A 
series of algorithms have been specifically optimized to realize the process of image processing and the calculation of the 
instantaneous particle velocity data. Then particle phase velocity and granular temperature were obtained respectively by 
statistical analysis and detailed study of the obtained data. The results showed that instantaneous particle velocities exhibited 
random complexity in both magnitude and direction. Although little information could be extracted from the raw data directly, 
the profile of particle phase velocity was able to show the mainstream particle flow patters along bed radius. Also, the computed 
granular temperature could be used to characterize the local particle fluctuation intensity. All experimental results could be useful 
to validate the CFD models for gas-solid flow systems. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese 
Academy of Sciences (CAS). 
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1. Introduction  
The spouted bed originated as a simple low-tech method for drying moist wheat particles, but has by now 
achieved considerable development and several new industrial applications, such as coal combustion, coating tablets, 
drying tobacco and materials blending etc[1,2]. However, the real-time behavior of particle flow field in a spouted 
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endoscope of diameter 8 mm and 3 mm-∞ visual range was inserted into the bed column through measurement ports 
and traversed radially to observe the local flow structure. The high speed CCD camera in the experiments was 
BASLER A504K, which was capable of acquiring 500 frames per second (fps) at the full resolution of 128×1024 
pixel and up to 1200 fps at lower resolutions. A 150W halogen lamp was used to provide illumination for the 
measurement space in front of the endoscope lens through a set of guiding fibers. Then particles appearing in the 
measurement space could be seen via the endoscope and recorded by the camera. A powerful computer equipped 
with the image grabbing card of MeteorII-CameraLink was employed to monitor the process of video capture and to 
store the data as AVI format for further off-line processing. 
 
A set of measurements have been carried out at Port #1, which was 280 mm above the bottom line of the conical 
base, when superficial gas velocity was kept as 0.43 m/s (U=1.3Ums). The measurements were taken at six different 
radial positions: the tip of the endoscope was located 20, 30, 40, 50, 65, 75mm away from the bed axis (r/R=0.2, 0.3, 
0.4, 0.5, 0.65, 0.75). During the experiment, the resolution of the video camera was set as 512×480 pixel and the 
recording rate was 1000 fps in order to prevent any blurring. The sampling time was 2 s for each measurement and 
the halogen lamp was set at the maximum brightness for detailed viewing. 
2.2. Processing method 
As for image processing, custom software based on MATLAB has been programmed to improve the image 
quality, automatically search for particles and to extract particle properties such as particle area, diameters, centroid 
coordinates and circularities, which enables the calculation of instantaneous particle velocity. 
 
Image processing mainly includes the following steps: (1) calibration of the endoscopic distortion; (2) image 
denoising; (3) contrast enhancement; (4) binarization; (5) particle recognition and labeling; (6) properties extraction. 
Since step(1), (2) and (3) are all aimed at improving the image quality, they are collectively referred to as image 
restoration. The detailed information about image processing is described in previous work by Zhang et al. 
(2012)[13] and Qian et al.(2013)[14] Fig. 2 illustrates the image processing procedure for a typical particle frame. 
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Fig. 2. Image processing procedure.  
As the measurement space is located in the fountain of the spouted bed, which is classified as a dilute phase flow 
structure, an improved Particle Tracking Velocimetry (PTV) method based on the similarity of particle area and 
circularity is adopted to realize the tracking of matching particles in consecutive frames. Here it is assumed that the 
sampling rate of the CCD camera is sufficiently high so that particles move in straight lines and are not accelerated. 
Then the centroid coordinates of the matching particles in different frames are extracted and each instantaneous 
particle velocity is computed over at least three sequential frames to improve accuracy. Fig. 3 shows the tracking 
procedure of four typical matching particles in the video recorded at z=280 mm, r/R=0.65, U=1.3Ums. 
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Fig. 3. Particle tracking procedure. 
2.3. Measurement uncertainty 
The measurement uncertainty for the high speed fiber-optic endoscopic technique is evaluated by combining the 
measurement uncertainties of the primary measurements aiming to acquire the independent parameters which are 
used to calculate the instantaneous particle velocity[15]. The root sum-of-squares method (RSS) is applied here. An 
instantaneous particle velocity Up is calculated by measuring the displacement of a particle between consecutive 
sampling frames: 
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Where S2 and S1 are the particle centroid coordinates as the particle moves through a series of n frames, ΔT is the 
sampling interval[16,17].  
 
Therefore, the RSS equation in terms of the independent parameters in this study, namely the particle 
displacement and sampling interval, is 
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Where uΔS and uΔT represent the measurement uncertainties in particle displacement and sampling interval 
respectively. 
 
The measurement uncertainty in ΔS happens throughout the whole process of the image acquiring and processing. 
To be specific, it arises from the pixel resolution of the camera sensor, the uncertainty of the method employed to 
calibrate the lens distortion, and the particle recognition algorithm used to determine the centroid coordinates of a 
particle[18]. Thus, the measurement uncertainty in ΔS can be evaluated according to the following equation: 
222
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Where uresolution, ucalibration and urecognition stand for the measurement uncertainties caused by the pixel resolution, 
calibration method and recognition algorithm respectively. 
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When a CCD camera is used to capture particle images, the error in the sampling of particle displacement is 2  
times the particle centroid error, which is dependent on the particle image radius, pixel area and the Gaussian peak 
location on the CCD sensor, etc[19]. In this study, the particle centroid error of the CCD camera for a typical PTV 
object is estimated to be about ±1/3 pixel, which leads to a sampling error in particle displacement of ± 3/2 pixel. 
Since particle velocities are computed over at leastthree consecutive frames (nı2) and the corresponding particle 
displacements during that time are at least 20 pixels, the measurement uncertainty due to pixel resolution of the 
CCD camera (uresolution) can be calculated as: ( 2 / 3) / 20 100% 2.36%resolutionu  u  r . 
 
Another measurement uncertainty in ΔS arises from the distortion calibration of the endoscope lens. Although the 
barrel distortion is significantly reduced after the calibration, the residual distortion should be investigated in terms 
of its influence on the uncertainty. In the evaluation process, an image of the matrix sample of identical dots with the 
same interval is captured and calibrated. Then the centroid coordinates of dots both in the original and calibrated 
images are extracted and the L2-norm of these coordinates is calculated to estimate the mean error resulted from the 
calibration. The estimation results are listed in Tab. 1. 
Tab 1. Error analysis of calibration. 
L2-norm Number of dots Mean error /pixel 
37.2 56 0.66 
 
As the typical particle displacement is at least 20 pixels, the measurement uncertainty due to calibration (ucalibration) 
can be evaluated as:  
ucalibration=0.66/20×100%=±3.3%. 
 
As for the measurement uncertainty caused by particle recognition algorithm, it happens when an image is 
binarized with certain threshold. During the process, the inaccuracy may reach ±0.5 pixel. Considering the particle 
displacement, the measurement uncertainty due to recognition algorithm (urecognition) can be estimated as: 
urecognition=0.5/20×100%=±2.5%. According to Eq. (3), the measurement uncertainty in ΔS is calculated as: 
%765.4%5.23.336.2 222222 r   ' nrecognitioncalibratioresolutionS uuuu  
 
The measurement uncertainty in ΔT is produced when the internal clock of the camera is not well calibrated. In 
this study, the error in camera parameters is quite low, on the order of nanosecond. Therefore, it is reasonable to 
neglect the measurement uncertainty in ΔT, which gives uΔT the value of 0. 
 
In accordance with Eq. (2), the total measurement uncertainty in particle velocities (uUp) is given by: 
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It is shown that the measurement uncertainty in instantaneous particle velocities is ±2.383% and the major 
uncertainty is introduced in the process of endoscopic distortion calibration. 
3. Results and discussion 
In order to gain a deeper insight into the complex internal flow phenomena in the spouted bed, two parameters 
from different perspectives (i.e. particle phase velocity and granular temperature) are defined and analyzed through 
detailed measurement of instantaneous particle velocities. To be specific, particle phase velocity focusing on the 
mainstream particle flow behavior is obtained through statistical analysis while granular temperature representing 
the local kinetic fluctuation energy is acquired through the method proposed by Tartan et al (2004)[20].  
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3.1. Particle phase velocity 
In the case of z=280 mm, r/R=0.65, U=1.3Ums, the instantaneous particle velocities were obtained using the high 
speed fiber-optic endoscopic technique and the processing method described above. These instantaneous particle 
velocities were then decomposed along the axial and radial directions respectively. Fig. 4 shows the scatter diagram 
of axial component velocities and the corresponding probability distribution.  
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Fig. 4. Instantaneous axial component velocity: (a) scatter diagram; (b) probability distribution. 
According to Fig. 4(a), particles within the measurement space exhibit complex flow behavior along the axial 
direction: there are a large number of particles moving upwards and downwards simultaneously and little relation is 
found between time and the variation in velocity magnitude or direction. Fig. 4(b) indicates that the axial component 
velocities fall into a narrow range around a certain value and this value may be adopted to characterize the flow 
behavior of the majority of particles in the present measurement. Here, it can be determined statistically that more 
than 80% particles move within -0.43~0.22 m/s. Therefore, the mean value of these velocities is defined as the 
particle phase axial velocity, which is calculated to be -0.10 m/s in this case. The minus denotes that the majority of 
particles flow downwards axially. 
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Fig. 5. Profile of particle phase axial velocity  
The radial profile of particle phase axial velocity in the case of z=280 mm, U=1.3Ums is shown in Fig. 5. It is 
revealed that particle phase axial velocity reaches its peak around the bed axis and decreases to 0 along the radius in 
the fountain core. Then it changes direction around r/R=0.45 and gradually increases to a constant value towards the 
wall. The variation of particle phase axial velocity is consistent with the internal circulating regime of the spouted 
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bed: particles in the fountain core travel upwards at high velocity with spouting gas and rain back onto the bed 
surface in the periphery. The radial position where particle phase axial velocity turns 0 denotes the boundary 
between fountain core and periphery. The results agree with those obtained experimentally by He et al(1994)[3]. 
3.2. Granular temperature 
The similarity of granular flows to thermal fluids has led to the extension of concepts used in the analysis of gas-
solid flow[21]. An analog to the thermodynamic temperature, granular temperature θ, can be defined in terms of the 
mean kinetic fluctuation energy of particles in Eq. (4). 
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Where θ is the granular temperature and it varies with time t and position x; jiCC is the particle stress per unit bulk 
density over a given frame (Specifically, when subscripts i and j are the same, jiCC denotes the particle normal 
stress per unit bulk density); Subscripts a and r are for axial and radial components of normal stress respectively.  
 
Since the particle flow in the spouted bed is nearly axisymmetric radially, Eq. (4) can be simplified to: 
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As for particle normal stress per unit bulk density, it can be computed from the hydrodynamic velocity vi and the 
corresponding particle peculiar velocities. The calculation procedure resembles that provided by Jung et al 
(2005)[22], as is given by Eq. (6). 
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The hydrodynamic velocity vi at the position x is defined as: 
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Where i represents a and r directions and N is the number of particles in each frame. The particle peculiar velocity is 
given by the instantaneous particle velocity ci minus the hydrodynamic velocity vi.  
 
The granular temperature in the case of z=280 mm, r/R=0.65, U=1.3Ums was calculated according to Eq. (5). 
During the calculation procedure, it was found that the particle normal stresses per unit bulk density along the a and 
r directions both fluctuated with time and their values of magnitude were of the same order, which suggested 
significant particle fluctuations along both directions. It was also indicated that the fluctuation in particle normal 
stress along the axial direction was slightly larger than that along the radial direction, possibly resulting from the 
fiercer momentum transport between particles and gas phase axially.  
 
A typical time series of granular temperature in the case of z=280 mm, r/R=0.65, U=1.3Ums is presented in Fig. 6. 
According to the radial profile of particle phase axial velocity, the majority of particles flow downwards axially 
around r/R=0.65, leading to an increase in the negative particle phase velocity. In fact, the falling particles in this 
area also cause the particle random fluctuation to intensify both axially and radially, which results in an increase in 
granular temperature. It is shown in Fig. 6 that the variation in granular temperature with time directly relates to the 
changes in random particle fluctuation within the measurement space over the sampling time. The time-averaged 
granular temperature over 500 sequential frames is calculated to be 0.0162m2/s2, which is higher than that in the 
annulus but lower than that in the spout. It is mainly because that particle concentration in fountain is much lower 
than that in annulus while the particle velocity is not as high as that in spout. This result agrees with that reported by 
Lu et al (2004)[23] using numerical simulations. In addition, it is found that the particle fluctuations are significant 
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along both directions, indicating obvious momentum transport between particles and gas phase radially around 
r/R=0.65 in fountain.  
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Fig. 6. Granular temperature time series. 
4. Conclusion 
In this workˈ a high speed fiber-optic endoscopic technique has been developed for measurements of 
instantaneous particle velocities inside a 3D spouted bed. The particle phase velocity and granular temperature were 
determined by image processing and statistical analysis. Besides, the measurement uncertainty for this measurement 
technique was evaluated by the RSS method. Some notable findings are presented as follows: 
 
(1) The measurement technique described is capable of acquiring the particle phase velocity and granular 
temperature in the spouted bed, which indicates that the technique is a promising tool in the gas-solid flow research. 
 
(2) The measurement uncertainty in instantaneous particle velocities is evaluated to be ±2.383% and the major 
uncertainty is introduced in the process of endoscopic distortion calibration. 
 
(3) The profile of particle phase velocity shows that particles exhibit different flow patters along the bed radius. 
The random particle fluctuation energy can be characterized by the parameter of granular temperature calculated in 
the experiment. 
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Nomenclature 
CC     particle stress per unit bulk density, m2/s2 
r/R         radial coordinate 
ΔS          particle displacement, mm 
ΔT         sampling interval, ms 
u            measurement uncertainty, % 
U superficial gas velocity, m/s  
Ums  minimum spouting velocity, m/s 
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Up          instantaneous particle velocity, m/s 
vi                   hydrodynamic velocity, m/s 
z vertical distance from bottom line of the base, mm 
θ             granular temperature, m2/s2 
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